Actual evapotranspiration (ET a ) is a central process in the climate system and a nexus of the water and energy cycles. This study assesses the hydrological performance of the four categories of ET a products (i.e., land surface models (LSMs), reanalysis, model tree ensemble, and diagnostic models (DMs)) for use in the middle Yellow River Basin (MYRB) using water balance methods. The results show the following. (1) The water storage changes significantly at annual scale and cannot be neglected when calculating the reference ET a by the water balance methods.
INTRODUCTION
Actual evapotranspiration (ET a ) is one of the important hydrological processes (Brutsaert ; Jung et al. ) . ET a determines the partitioning of available energy on the land surface into latent and sensible heat flux and can influence regional and global climates (Bonan et al. ) . Global land ET a returns approximately 60% of annual land precipitation to the atmosphere (Hetherington & Woodward ; Koster et al. ; Oki & Kanae ) , and the ratio is even larger (>95%) in arid and semi-arid regions (Moiwo & Tao ) .
Acceleration or intensification of the hydrological cycle has occurred with global warming, and ET a has also been affected (Brutsaert & Various studies have documented significant changes in evapotranspiration in the region (Zhang et al. b; Liu et al. a) . Although the spatiotemporal variation of ET a can be detected by various ET a datasets, it is unclear which one is optimal for semi-arid and semi-humid regions. Therefore, the evaluation of ET a products and investigation into the variation of ET a in the MYRB are essential for understanding hydrological processes, and are of great value for regional sustainable water resource management.
The main objectives of this paper were to evaluate the performance of different ET a products and to investigate the causes of different performances in the MYRB, which was not only meaningful for the selection of appropriate ET a products for regional water resource management, but also significant for improving the ET a models in semi-arid and semi-humid regions. The study objectives are achieved through the following steps: (1) to estimate the reference ET a based on the traditional water balance method in the MYRB; (2) to evaluate the performance of different ET a products used in the MYRB against the reference ET a ; (3) to analyze the reasons for differences in ET a model performance; and (4) to investigate the performance of each model in capturing the temporal variations of ET a .
( Figure 1 ). Plateaus, ridges, mounds, and gullies are the dominant landscape feature characterized by loess-paleosol soil with an average depth in excess of 100 m. The vegetation cover is distributed with forest, forest-steppe, typical-steppe, and desert-steppe zones from southeast to northwest, and the land use is predominantly cultivated croplands and improved grasslands. The total annual precipitation ranges from 300 mm in the northwest to approximately 800 mm in the southeast, and approximately half of the precipitation occurs during the rainy season from June to September.
Most of the precipitation is in the form of intense rainstorms, resulting in the most severe soil and water loss in the world (Li et al. ) . The average annual pan evaporation (20 cm diameter pan, Liu et al. a) is approximately 1,500 mm, which is three to seven times more than the annual precipitation.
Datasets

Global ET a products
Four different categories of ET a products (Table 1) ). Additional details on the nine ET a products employed in our study are shown in Table 1 .
Precipitation, streamflow, and soil moisture
Monthly streamflow data from 1960 to 2013 at two gauges, the inlet at Hekou Town and the outlets at Sanmen Gorge, were obtained from the Yellow River Hydrological Bureau.
The average annual streamflow was aggregated from monthly data. Monthly meteorological data of 73 national meteorological stations (Figure 1 ), from the National Cli- 
where P was the annual precipitation (mm yr À1 ) normally obtained from a meteorological station; R was the streamflow observed at a hydrological station and obtained the streamflow depth (mm yr À1 ) according to the area of basin; ΔS was the terrestrial water storage change (TWSC, mm yr À1 ), which was reflected in changes in the moisture storage of surface and subsurface stores, such as glaciers, groundwater, and soil moisture. The ΔS played a fundamental role in water, energy, and biogeochemical cycles at regional and global scales (Famiglietti ) . However, accurate measurement of TWSC over large areas and long time series was a challenge due to a lack of large-scale, longterm in situ observations (Lettenmaier & Famiglietti ) .
Although the satellite data from the Gravity Recovery and 
Evaluation criteria of ET a products
The ET a of each model was calculated from the gridded data as the weighted arithmetic mean using the proportion of the area of a certain grid included in the study region to the total area of the MYRB as weights.
Next, the model ET a was evaluated against the reference ET a via several criteria. The evaluation statistics included the following: the bias (BIAS), root-mean-square error (RMSE), and correlation coefficient (CORR), and are defined as follows:
where N represented the number of years during the study period, and X i , Y i were the annual model simulation ET a and the reference ET a , respectively.
Statistical methods
The 
RESULTS
Estimation of reference ET a based on the water balance method TSMC can be assumed to be negligible at multiyear or a longer time scale (Figure 3(a) ). However, this assumption cannot be applied to evaluate ET a at finer temporal scales (e.g., annual or monthly), as neglecting the interannual The variations of TWSC in our study region ranged from À31.1 mm yr À1 to 32.9 mm yr À1 , accounting for 6% to 7% of the multiyear average precipitation. Thus, ΔS cannot be neglected when applying the water balance method to estimate the reference ET a in the MYRB. After that, the reference ET a was calculated based on the water balance method following Equation (1). The estimated annual reference ET a showed a large variation for the last 50 years (Figure 3(b) ). The multiyear average reference ET a was approximately 466.9 mm yr À1 , accounting for more than 90% of the precipitation.
Evaluation performance of different ET a products
The water balance method has been widely applied to estimate the ET a at basin or regional scale ( The results showed that although the Ra_Noah2 was underestimated by 8.9%, it still followed the same annual variation of Ra_ITPCAS (Figure 5(b) ) and did not cause a large underestimation of ET a (Figure 4 ). This also indicated that the ET a was limited by water supply and is not sensitive to radiation Table 4 .
All of the ET a from LSMs showed significant correlation (p < 0.01, Table 4 ) with precipitation and larger CORR (>0.52), which indicates that LSMs were more dependent on precipitation than the other methods. Precipitation, one of the key forcing fields in LSMs (Table 3) face, which was explicitly linked to precipitation. Therefore, we could conclude that the more dependent on precipitation of ET a models, the better the performance in capturing the reference ET a in semi-arid and semi-humid transition regions.
The correlation between precipitation and ET a from models can be considered as a standard to evaluate models' performance to some extent.
Trend of reference ET a and performance of ET a products
The reference ET a exhibited large variations from 1960 to 2013 in the MYRB (Figure 3(b) ). To obtain the temporal trend of the reference ET a and detect which products can capture the tendencies, the study time span was defined from 1983 to 2013, considering the time consistency of each ET a product (Table 1 ). In addition, there was a point (around 1999, Figure 3 with ET a products are listed in Table 5 .
The annual average reference ET a changed abruptly around 1999 with a mean value of 464.7 mm yr À1 from 1983 to 2013, and the mean values for 1983-1998 (pre-1999) and 1999-2013 (post-1999) were 455.5 mm yr À1 and 474.6 mm yr À1 , respectively (Table 5) . Although the ET a from products showed significant interannual variability ( Figure 4) , there was no significant difference between pre-1999 and post-1999 by ANOVA (p > 0.1) test. The annual trend in the reference ET a slope was found to change from negative (À4.54 mm yr À2 ) for the pre-1999 period to positive (6.50 mm yr À2 ) for the post-1999 period (Table 5) . Although there was a large increase in amplitude during the post-1999 Table 5 | Mean (mm yr À1 ) and trend (mm yr À2 ) for the nine ET a products and reference ET a during the three periods (1983-1998, 1999-2013, and 1983-2013) Period ET a 1983-1998 1999-2013 1983-2013 Mean More reliable knowledge about ET a will be helpful to better understand hydrological processes and improve regional sustainable development.
CONCLUSION
The multiyear actual evapotranspiration (reference ET a ) was evaluated with the water balance method, which con- The variation of the reference ET a shifted around 1999.
Further analysis found that the reference ET a decreased for the pre-1999 period (À4.54 mm yr À2 ) and increased for the post-1999 period (6.50 mm yr À2 ). However, the increase during the post-1999 period was offset by the decrease during the pre-1999 period, resulting in no significant change during the entire period from 1983 to 2013. Generally, the ET a from the Noah model, especially Noah1, better captured the ET a trend and amplitude for the three periods. The AET VIC model best captured the ET a amplitude for the pre-1999 period, while the AET JUNG model was best for the post-1999 and 1983-2013 periods. The underlying reasons for ET a changes may be the implementation of several forest strategies. Comprehensive evaluation and comparison of various ET a products was valuable for the application of ET a products for regional water resource management and guiding future research on ET a estimation.
Limited by the coarse temporal and spatial resolution of ET a products in this study, more accurate regional ET a models with higher temporal and spatial resolution forcing data would be necessary to improve the estimation performance of ET a in further work.
